1. Introduction {#sec1}
===============

It is established that endurance exercise training promotes numerous biochemical adaptations in skeletal muscle fibers. In fact, the first reports describing the biochemical adaptations of skeletal myocytes in response to exercise were published over 60 years ago. The earliest investigations were descriptive and chronicled the exercise-induced increases in the abundance of key bioenergetic enzymes in both cardiac and skeletal muscles \[[@bib18],[@bib21],[@bib22]\]. In the decades to follow, investigations explored exercise-induced changes in a variety of skeletal muscle proteins including antioxidant enzymes and heat shock proteins. The observation that exercise training increases the abundance of endogenous antioxidants and heat shock proteins in muscle fibers inspired the hypothesis that exercise-induced biochemical adaptations in skeletal muscles have the potential to protect fibers against damaging events.

During the past decade, numerous studies confirm that endurance exercise training results in "exercise preconditioning" of skeletal muscle fibers. Specifically, the term exercise preconditioning is used to describe exercise-induced adaptations in cardiac and skeletal muscle fibers that are associated with protection against a variety of harmful threats to muscle health. For example, endurance exercise training protects skeletal muscle fibers against doxorubicin-induced wasting and the muscle fiber atrophy associated with prolonged muscle inactivity (reviewed in Refs. \[[@bib47],[@bib55]\]). Although studies investigating exercise-induced biochemical changes in skeletal muscles have spanned several decades, investigations into the mechanisms responsible for exercise preconditioning of skeletal muscle is a relatively new endeavor. Nonetheless, significant progress has been made toward delineating the mechanisms responsible for exercise-induced preconditioning of skeletal muscle fibers.

This report provides a systematic review of the cellular mechanism(s) responsible for exercise-induced preconditioning of skeletal muscle fibers. We begin with an overview of the evidence that endurance exercise training results in a protective phenotype in skeletal muscle fibers. We then discuss the biochemical changes in muscle fibers that are postulated to contribute to exercise preconditioning. In particular, we provide a critical analysis of the evidence delineating the mechanisms responsible for exercise-induced protection against both doxorubicin-induced muscle wasting and inactivity-induced muscle atrophy.

2. Exercise-induced preconditioning in skeletal muscle fibers {#sec2}
=============================================================

The term "exercise preconditioning" evolved from the parent term "preconditioning" that is commonly used in biology to describe a process whereby a person or animal is exposed to a sub-lethal stress that confers subsequent protection against a potentially harmful stressor. Over the last three decades, the term exercise preconditioning has been commonly used to describe the protective phenotype that occurs in both cardiac and skeletal muscle fibers following endurance exercise training.

In regard to exercise preconditioning of skeletal muscle, endurance exercise training protects skeletal muscle fibers against a variety of stresses including muscle damage associated with sepsis, contraction-induced muscle injury, doxorubicin-mediated muscle wasting and inactivity-induced muscle atrophy \[[@bib25],[@bib47],[@bib55],[@bib70]\]. To illustrate two specific examples of the magnitude of exercise preconditioning-induced protection of skeletal muscle fibers, the next segment will highlight the evidence that endurance exercise results in a skeletal muscle phenotype that is protected against both doxorubicin-induced muscle wasting and inactivity-induced muscle atrophy.

2.1. Exercise preconditioning protects against doxorubicin-induced muscle wasting {#sec2.1}
---------------------------------------------------------------------------------

Prior to discussing the evidence that exercise training protects against doxorubicin-induced muscle wasting, a brief introduction to doxorubicin-induced muscle atrophy is warranted. Doxorubicin (DOX), a quinone-containing anthracycline antibiotic, is a highly effective antitumor agent that is widely used in the treatment of several cancers (i.e., solid tumors and hematologic malignancies) \[[@bib63]\]. Unfortunately, prolonged use of DOX in cancer therapy is not possible because of the deleterious side effects that occur in off-target tissues including heart and skeletal muscles.

DOX-induced skeletal muscle wasting occurs due to increases in mitochondrial production of reactive oxygen species (ROS) resulting in damage to both cellular membranes and proteins \[[@bib37]\]. Specifically, DOX promotes increases in mitochondrial ROS production via interactions with mitochondrial NADH that result in a redox cycling event \[[@bib61]\]. Explicitly, ROS producing enzymes in the mitochondria (i.e., NADPH oxidase) transform DOX into a semiquinone through one-electron reduction of the quinone moiety in ring C; this semiquinone can then react with oxygen to form superoxide radicals \[[@bib61]\]. This DOX-mediated oxidant production oxidizes mitochondrial proteins and other macromolecules in the fiber leading to activation of all major proteolytic systems (i.e., ubiquitin proteasome system, calpain, caspase-3, and autophagy) in skeletal muscle fibers resulting in accelerated proteolysis and muscle atrophy \[[@bib37],[@bib56],[@bib57]\]. To illustrate the high toxicity of DOX on skeletal muscle fibers, a single dose of DOX promotes myonuclear apoptosis and a loss of myonuclei in rodent skeletal muscle fibers \[[@bib37]\].

Numerous preclinical studies confirm that endurance exercise results in protection against DOX-induced damage to skeletal muscle. Indeed, as few as 10 days of moderate intensity (e.g., 60 min/day at \~60--70% VO~2~ max) endurance exercise training protects rodent skeletal muscle against DOX-induced muscle oxidative damage and accelerated proteolysis \[[@bib56],[@bib57]\]. For example, exercise results in a fiber phenotype that is protected against DOX-induced oxidative modification of skeletal muscle proteins as evidenced by a reduction in the levels of both carbonyl derivatives within myofibrillar proteins and the conjugation of 4-hydroxy-2-nonenal to muscle proteins \[[@bib57]\]. Further, exercise preconditioning protects skeletal muscles against DOX-induced activation of major proteolytic systems including the activation of the proteolytic enzymes calpain and caspase-3 \[[@bib57]\]. In addition, exercise-induced protection against the DOX-mediated activation of proteolysis in skeletal muscles is associated with a reduced expression of several autophagy genes, the forkhead-box O (FoxO) transcription of the E3 ubiquitin ligase, muscle RING finger-1 (MuRF-1), and the pro-apoptotic protein, BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3) \[[@bib30],[@bib56]\] ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Endurance exercise training performed prior to treatment with doxorubicin (DOX) protects skeletal muscles against DOX-induced damage to mitochondria, oxidative damage to macromolecules, accelerated proteolysis, myonuclear apoptosis and muscle fiber atrophy.Fig. 1

2.2. Exercise preconditioning protects against inactivity-induced muscle atrophy {#sec2.2}
--------------------------------------------------------------------------------

Prior to a discussion of the evidence that exercise training protects against inactivity-induced muscle atrophy, a brief overview of the events leading to disuse muscle atrophy is provided. Skeletal muscle fiber size is regulated by the balance between the rates of protein synthesis versus degradation and prolonged skeletal muscle inactivity results in fiber atrophy due to both accelerated proteolysis and decreased protein synthesis \[[@bib51]\]. In reference to the mechanism(s) responsible for inactivity-induced muscle atrophy, evidence exists that oxidative stress plays a key role in regulation of the signaling pathways that regulate both proteolysis and protein synthesis in skeletal muscles during prolonged inactivity \[[@bib52]\]. Indeed, studies confirm that treatment of animals with select antioxidants can protect skeletal muscle against inactivity-induced oxidative stress, accelerated proteolysis, and muscle atrophy \[[@bib4],[@bib35],[@bib38],[@bib48],[@bib64],[@bib73]\].

The sources of ROS production in inactive skeletal muscles have been investigated for over a decade and results reveal that superoxide production occurs at numerous cellular locations in the muscle fiber; sites of ROS production include NAD(P)H oxidase, xanthine oxidase, and mitochondria \[[@bib13],[@bib36],[@bib37],[@bib48],[@bib72]\]. Of these primary sites of superoxide production within inactive muscle, several lines of evidence indicate that mitochondrial ROS emission plays a dominant role. For example, it is established that mitochondrial ROS emission is greater in the "resting" state of respiration where the ADP supply to the mitochondria is limited (i.e., state 4 respiration) compared to the active ADP stimulated condition (i.e., state 3 respiration) \[[@bib2],[@bib19],[@bib48]\]. This is relevant because conditions in inactive skeletal muscle correspond to state 4 respiration whereas conditions in actively contracting muscle corresponds to state 3 \[[@bib31]\]. Further, mitochondria isolated from diaphragm muscle of rats exposed to prolonged mechanical ventilation (MV) (i.e., resulting in diaphragm inactivity) release more ROS than mitochondria from the diaphragm of animals that are spontaneously breathing \[[@bib48]\]. While these experiments reveal that mitochondrial ROS emission is increased in inactive skeletal muscle, direct evidence that increased mitochondrial ROS emission plays a key role in promoting inactivity-induced muscle atrophy is provided by experiments demonstrating that treatment of animals with a mitochondrial-specific antioxidant (i.e., SS-31) that protects locomotor muscles against immobilization induced oxidative stress, accelerated proteolysis, and fiber atrophy \[[@bib38],[@bib64]\]. Similarly, treatment with SS-31 protects diaphragm muscle against inactivity-induced oxidative stress and fiber atrophy \[[@bib48]\]. Lastly, experimental evidence also links the inactivity-induced increase in mitochondria ROS emission to depressed protein synthesis and accelerated proteolysis in skeletal muscle fibers \[[@bib24],[@bib38],[@bib64]\]. Together, these findings support the concept that mitochondrial ROS emission is a primary source of oxidants in skeletal muscle fibers during prolonged inactivity.

As discussed earlier, endurance exercise training has been shown to improve the antioxidant properties of skeletal muscle fibers and therefore, it is predicted that exercise training can potentially protect against inactivity-induced muscle atrophy. Indeed, several studies corroborate that endurance exercise training protects against disuse-induced oxidative stress, proteolysis, and muscle atrophy. Specifically, exercise preconditioning protects limb muscles against disuse muscle atrophy \[[@bib16],[@bib43],[@bib66],[@bib74]\]. Further, exercise also protects inspiratory muscles (e.g., diaphragm) against the inactivity-induced muscle atrophy that occurs during prolonged MV. This exercise training-induced protection against diaphragmatic atrophy is accompanied by protection against inactivity-induced mitochondrial uncoupling, oxidative stress, and activation of key proteases \[[@bib58]\]. In the next segments, we discuss the mechanisms responsible for exercise-induced protection against both DOX-induced muscle wasting and inactivity-induced muscle atrophy.

3. Mechanisms responsible for exercise-induced protection against DOX-induced muscle wasting {#sec3}
============================================================================================

Currently, a complete understanding of the mechanism(s) responsible for exercise-induced protection against DOX-induced muscle wasting does not exist and this topic remains an active area of investigation. To date, three primary mechanisms have been proposed to explain exercise-induced cytoprotection against DOX-mediated damage to skeletal muscle fibers ([Fig. 3](#fig3){ref-type="fig"}).

3.1. Exercise training-induced increases in cellular antioxidants {#sec3.1}
-----------------------------------------------------------------

As introduced earlier, DOX-stimulated wasting of skeletal muscles is due, at least in part, to increased mitochondrial production of ROS resulting in oxidative damage to cellular components and accelerated proteolysis \[[@bib29],[@bib30],[@bib56]\]. It follows that exercise-induced increases in endogenous antioxidants have the potential to provide protection against DOX-induced muscle wasting.

In reference to endogenous antioxidants, muscle fibers and other cells are protected against ROS by a complex network of endogenous antioxidants. Specifically, superoxide dismutase (SOD), glutathione reductase (GPX), and catalase (CAT) are three major antioxidant enzymes within cells (reviewed in Ref. \[[@bib50]\]). SOD is the first line of defense against superoxide radicals and dismutates superoxide to form hydrogen peroxide (H~2~O~2~) and oxygen. Two isoforms of SOD (SOD1, SOD2) exist within cells. SOD1 resides primarily in the cytosol whereas SOD2 is located within the mitochondrial matrix. The relative abundance of SOD1 and SOD2 varies across skeletal muscle fiber types with the highest activities of both isoforms being found in type I (slow) fibers \[[@bib50]\].

Five glutathione peroxidase isoforms exist in mammals (GPX1-GPX5) and each of these GPX isoforms function to reduce H~2~O~2~ and/or organic hydroperoxides to form water and alcohol, respectively \[[@bib6]\]. Three GPX isoforms exist within muscle fibers that are strategically compartmentalized to protect against ROS-mediated oxidation at the site of H~2~O~2~ production.

Finally, the antioxidant enzyme CAT is responsible for the breakdown of H~2~O~2~ into water and oxygen. CAT is primarily located in the cytosol of the cell \[[@bib50]\]. Interestingly, CAT has one of the highest turnover rates of all enzymes as turnover number for the decomposition of hydrogen peroxide is 2.5 × 10^6^ to 5 × 10^6^ mol/min \[[@bib34]\].

The impact of endurance exercise training on the abundance of antioxidant enzymes in skeletal muscles has been extensively studied for over three decades. Although a few studies report that endurance exercise training does not increase the abundance of SOD1 and SOD2 in muscle fibers, a large body of research demonstrates that endurance exercise training increases the abundance of both SOD1 and SOD2 in skeletal muscles \[[@bib49],[@bib50]\]. The magnitude of exercise-induced increases in muscle SOD activity (i.e., 10--40%) conforms to a training dose-response curve as high intensity and/or longer durations (i.e., up to 60 min) of exercise training results in higher increases in SOD activity ([Fig. 2](#fig2){ref-type="fig"}) \[[@bib45],[@bib46]\].Fig. 2Total SOD activity in the rat soleus muscle following 10 weeks (4 days/week) of endurance exercise training (treadmill) at varying durations and intensities of exercise. Exercise intensities varied from low (\~55% VO~2~ max), moderate (\~65% VO~2~ max), and high intensity (\~75% VO~2~ max). Values are means and data are from Ref. \[[@bib45]\].Fig. 2

Identical to SOD, GPX is also inducible in skeletal muscle fibers and GPX activity rapidly increases in muscle fibers within the first five days of exercise training \[[@bib49],[@bib50]\]. The magnitude of the exercise-induced increase in muscle GPX activity following 10 weeks of exercise training ranges from 20 to 177%; this exercise-induced increase in GPX abundance increases as a function of the both exercise intensity and duration (reviewed in Refs. \[[@bib49],[@bib50]\]). Further, training-induced increases in GPX within muscle fibers occurs in both the cytosolic and mitochondrial compartments.

Finally, it remains unclear if exercise training increases the activity or abundance of CAT in skeletal muscle fibers; indeed, studies report both increases and decreases of CAT abundance following exercise training (reviewed in Ref. \[[@bib49]\]). This lack of consistency across investigations likely results from experimental problems associated with the measurement of CAT activity *in vitro*; see Powers and Jackson for more details \[[@bib49]\].

Research confirms that increased mitochondrial emission of ROS and activation of proteases are required for DOX-induced skeletal muscle atrophy \[[@bib37],[@bib39]\]. Specifically, administration of a mitochondrial-targeted antioxidant (i.e., SS-31) protects against both DOX-induced increases in mitochondrial ROS emission and skeletal muscle atrophy \[[@bib37],[@bib39]\]. Hence, it is feasible that exercise-induced increases in mitochondrial antioxidants (e.g., GPX1 and SOD2) are potential mechanisms to explain why exercise training protects skeletal muscle against DOX-induced wasting \[[@bib56]\]. Nonetheless, to date, experiments that provide definitive cause and effect of this supposition do not currently exist and therefore, future work will be required to resolve this issue. The role that SOD2 plays in exercise preconditioning against inactivity-induced muscle atrophy will be addressed later in this report.

3.2. Exercise training increases the expression of HSP72 in muscle fibers {#sec3.2}
-------------------------------------------------------------------------

Several members of the heat shock protein family are expressed in skeletal muscles. Of particular interest is the 72 kDa member (HSP72) of the heat shock protein family. HSP72 is inducible by exercise training; importantly, increased abundance of HSP72 can protect cells against a variety of stresses. Studies confirm that 30--60 min of endurance exercise training increases the expression of HSP72 in active skeletal muscles of both rodents and humans \[[@bib14],[@bib33],[@bib42],[@bib53]\]. Specifically, endurance exercise training can increase the abundance of HSP72 in rodent skeletal muscles by 22--243% depending upon the duration of the exercise bout and the fiber type composition of the muscle \[[@bib42]\].

Exercise-induced increased expression of HSP72 can protect against DOX-induced muscle atrophy in several ways. First, HSP72 can provide cytoprotection by preventing protein unfolding \[[@bib65]\]. For example, HSP72 is capable of binding to sarcoplasmic reticulum Ca2+ ATPase1a and stabilizing it\'s nucleotide binding domain to prevent oxidative stress-induced inactivation \[[@bib69]\]. In addition, HSP72 is hypothesized to protect mitochondria against oxidative damage through its chaperone activity \[[@bib3],[@bib17]\]. Although SOD2 functions as an antioxidant within the mitochondrial matrix, SOD2 is first synthesized in the cytosol and then translocated into the mitochondria via HSP72 acting as a chaperone \[[@bib3],[@bib17]\]. Evidence to support the importance of HSP72 as a chaperone for SOD2 comes from the observation that SOD2 levels in the mitochondria are increased in response to HSP72 overexpression \[[@bib10]\].

Overexpression of HSP72 in skeletal muscles can also inhibit the transcriptional activity of both forkhead box O 3a (FOXO3a) and nuclear factor kappa β (NF-κβ) in muscle fibers during prolonged periods of muscle inactivity \[[@bib11],[@bib54]\]. This is important because activation of both FOXO3a and NF-κβ are linked with the increased expression of the muscle-specific E3 ubiquitin ligases, atrogin-1/muscle atrophy F-box (MAFbx), and MuRF1 which are key players in the ubiquitin proteasome pathway of skeletal muscle protein degradation. Hence, in theory, increases in HSP72 has the potential to protect muscle fibers against DOX-induced muscle atrophy in several ways.

Because of the protective properties of HSP72, it has been hypothesized that increases in HSP72 levels in muscle fibers can protect against DOX-provoked skeletal muscle wasting \[[@bib56]\]. In this regard, transgenic overexpression of HSP72 in skeletal muscles (+500% above control) is sufficient to protect skeletal muscles against inactivity-induced muscle atrophy in both young and senescent animals \[[@bib11],[@bib54]\]. Nonetheless, studies investigating the mechanism(s) responsible for exercise-induced protection against DOX-induced mitochondrial damage in the heart have concluded that exercise-induced increases in HSP72 are not required to achieve protection against DOX-induced damage to the cardiac myocyte \[[@bib29]\]. Unfortunately, similar experiments in skeletal muscle have not been performed and this remains an interesting area for future work.

3.3. Exercise training increases the abundance of multidrug resistant proteins in skeletal muscle {#sec3.3}
-------------------------------------------------------------------------------------------------

Growing evidence suggests that endurance exercise training increases the expression of several members of the ATP-binding cassette (ABC) transporters in both cardiac and skeletal muscle fibers. These ABC transporters belong to a protein superfamily that transport targeted substrates across cell membranes; transported substrates include cellular proteins, lipids, and xenobiotic drugs \[[@bib75]\]. Because of their role in drug resistance, ABC transporters are commonly labeled as multidrug resistant proteins \[[@bib9]\].

Emerging evidence suggests that ABC transporters can play important roles in prevention of DOX accumulation in cells. Indeed, transgene overexpression of the ABC transporter ABCB8 in the heart is sufficient to protect cardiac myocytes against DOX accumulation \[[@bib27]\]. Further, genetic depletion of the ABCB8 gene results in rapid cardiomyopathy in response to treatment with DOX \[[@bib26],[@bib27]\]. Together, these experiments suggest that overexpression of specific ABC transporters in cardiac and skeletal muscle fibers can protect against DOX accumulation in cells and subsequently, DOX-induced cellular damage.

In reference to exercise and expression of ABC transporters, recent studies reveal that endurance exercise training increases the expression of several cell membrane ABC transporters (e.g., MRP-1, MRP-2, ABCB6, ABCB7, ABCB8, and ABCB10) in both heart and skeletal myocytes \[[@bib40],[@bib44]\]. Importantly, this exercise-induced increase in ABC transporters is associated with a decrease in the accumulation of DOX in both tissues \[[@bib20],[@bib40],[@bib44]\]. Notably, it was recently discovered that exercise training promotes the expression of several mitochondrial-localized ABC transporters in both heart and skeletal muscle; importantly, this increase in mitochondrial ABC transporters is associated with lower DOX accumulation within the mitochondria \[[@bib40]\]. Collectively, these results are consistent with the concept that exercise-induced increases in ABC transporters could contribute to exercise-induced preconditioning against DOX-induced skeletal muscle wasting. However, direct experimental evidence that an increase in ABC transporters is essential for exercise-induced protection against DOX-provoked skeletal muscle atrophy does not currently exist.

3.4. Exercise-induced protection against DOX-induced myopathy: summary and future directions {#sec3.4}
--------------------------------------------------------------------------------------------

Abundant evidence demonstrates that performing endurance exercise training prior to DOX treatment protects skeletal muscle against DOX-induced atrophy. This protection is achieved by the prevention of mitochondrial damage, oxidative stress, and activation of skeletal muscle proteolytic systems. Unfortunately, the mechanism(s) responsible for exercise-provoked protection against DOX-induced muscle wasting remain unknown. To date, three primary hypotheses have been proposed to explain why exercise training provides cytoprotection against DOX-mediated damage to skeletal muscles; these include exercise-induced increases in: 1) cytosolic and mitochondrial antioxidants; 2) HSP72 levels; and/or 3) the expression of both sarcolemmal and mitochondrial-specific ABC transporters ([Fig. 3](#fig3){ref-type="fig"}). Clearly, each of these claims are testable hypotheses and warrant future research. Rigorous studies to test each of these postulates will likely include both loss of function and gain of function experiments. For example, studies that selectively prevent exercise-mediated increases in individual proteins would provide key information about the role that each protein plays in exercise-induced cytoprotection against DOX-induced damage. Moreover, studies that utilize molecular tools to overexpress specific target proteins, independent of exercise, can provide key information about the role that each protein plays in protection of skeletal muscle fibers against DOX-induced wasting. This topic remains important for future research.Fig. 3Endurance exercise training results in numerous biochemical changes within skeletal muscle fibers. Three hypotheses have been proposed to explain the mechanism behind exercise training-induced protection against doxorubicin-induced muscle damage; these include increased expression of: 1) endogenous antioxidant enzymes; 2) heat shock protein 72; and 3) ATP-binding cassette proteins (ABC transporters).Fig. 3

4. Mechanism(s) responsible for exercise-induced protection against inactivity-induced muscle atrophy {#sec4}
=====================================================================================================

Significant progress has recently been made toward delineating the mechanism(s) responsible for exercise-induced protection against inactivity-induced muscle atrophy. The foundation for these studies arose from proteomic experiments investigating the global changes in the abundance of both mitochondrial and soluble proteins in skeletal muscles following endurance exercise training \[[@bib1],[@bib8],[@bib60]\]. These studies identified exercise-induced increases in numerous muscle proteins that possess cytoprotective properties. Hence, each of these protective proteins become candidates to elucidate exercise-induced protection against inactivity-induced muscle atrophy. In response to these proteomic studies, four major hypotheses have evolved to explain the mechanism(s) responsible for exercise-mediated protection against inactivity-induced skeletal muscle atrophy ([Fig. 4](#fig4){ref-type="fig"}). A discussion of the evidence to support these postulates follows.Fig. 4Endurance exercise training promotes many biochemical changes in skeletal muscle fibers. Four primary hypotheses have been proposed to explain the exercise training-induced protection against inactivity-induced muscle atrophy; these include: 1) endogenous antioxidant enzymes; 2) Changes in HDAC4/Gadd45 axis; 3) Increased TFAM expression; and 4) heat shock protein 72.Fig. 4

4.1. Exercise training alters the HDAC4/Gadd45 axis {#sec4.1}
---------------------------------------------------

Growth arrest and DNA damage-inducible 45α (Gadd45α) is a soluble, primarily nuclear protein that promotes skeletal muscle atrophy \[[@bib7]\]. Specifically, expression of Gadd45α increases in skeletal muscles during prolonged periods of muscle inactivity in both young and old animals \[[@bib5],[@bib62],[@bib74]\]. Importantly, increased expression of Gadd45α appears to be required for the muscle atrophy that occurs during some conditions (e.g., starvation and prolonged disuse) \[[@bib12]\]. Indeed, forced expression of Gadd45α in skeletal muscles is sufficient to promote fiber atrophy independent of muscle activity levels \[[@bib12]\]. At present, the specific mechanisms connecting Gadd45α to muscle atrophy remain unknown but recent evidence reveals that increased muscle levels of Gadd45α forms a complex with the mitogen-activated protein kinase kinase kinase (MEKK4) to promote atrophy \[[@bib7]\]. The mechanisms by which the Gadd45α-MEKK4 complex promotes muscle wasting is unspecified but it is predicted to promote muscle atrophy by phosphorylating one or more downstream muscle proteins involved in muscle wasting \[[@bib7]\].

Recently, Yoshihara et al. proposed that exercise preconditioning attenuates inactivity-induced muscle atrophy in old animals via decreased expression of Gadd45α \[[@bib74]\]. This work reveals that a single bout of endurance exercise protects old rats against disuse muscle atrophy and this protection is accompanied with decreased levels of both Gadd45α and the class II histone deacetylase 4 (HDAC4) \[[@bib74]\]. This decrease in HDAC4 is potentially important because elevated expression of HDAC4 is sufficient to increase Gadd45α mRNA resulting in increased Gadd45α expression in muscle fibers \[[@bib5]\]. While these results are consistent with the thesis that exercise training protects against inactivity-induced muscle atrophy by decreasing the expression of Gadd45α, these findings do not demonstrate cause and effect. Therefore, future studies are required to determine if decreased expression of Gadd45α plays a key role in exercise-induced protection against inactivity-induced muscle atrophy.

4.2. TFAM overexpression {#sec4.2}
------------------------

Mitochondrial transcription factor A (TFAM) is a mitochondrial DNA binding protein that plays several roles in cells including mitochondrial transcription and protection against oxidative stress \[[@bib68]\]. For example, TFAM binds to mitochondrial DNA forming histone-like nucleoid structures to protect DNA from ROS-mediated damage \[[@bib32]\]. Further, overexpression of TFAM increases the abundance of both SOD1 and SOD2 in skeletal muscle \[[@bib68]\]. Moreover, a recent study reveals that transgenic animals that overexpress TFAM (i.e., five-fold increase) have increased SOD1 and SOD2 abundance and are resistant to skeletal muscle atrophy during hindlimb suspension \[[@bib67]\]. This observation provides proof of concept that overexpression of TFAM is associated with increased muscle antioxidants and a rescue from disuse muscle atrophy \[[@bib67]\].

In regard to TFAM and exercise, it is established that exercise training increases the abundance of TFAM in the skeletal muscles (reviewed in Ref. \[[@bib23]\]). However, it is unclear if this exercise-induced increase in TFAM is sufficient to protect against inactivity-induced muscle atrophy. For example, the five-fold increase in TFAM overexpression in the aforementioned transgenic animals is several times greater than the exercise training-induced increase in TFAM in skeletal muscle. Therefore, it remains unclear if exercise-induced increases in TFAM expression is sufficient to provide protection against disuse muscle atrophy.

4.3. Exercise training-induced increases cellular antioxidants {#sec4.3}
--------------------------------------------------------------

As introduced previously, decades of research confirms that endurance exercise training increases the abundance of the mitochondrial antioxidant SOD2 in both locomotor and diaphragm muscle \[[@bib28],[@bib41],[@bib45],[@bib58],[@bib60],[@bib71]\]. Improved mitochondrial antioxidant capacity is an attractive hypothesis to explain the exercise training-induced protection against inactivity-induced muscle wasting because increased mitochondrial ROS emission is a requirement for muscle atrophy during prolonged inactivity \[[@bib48]\]. This hypothesis was recently tested in experiments using a gene-silencing approach (i.e., antisense oligonucleotide targeted against SOD2) to prevent the exercise-induced increase in SOD2 in the diaphragm. Prevention of exercise-mediated increases in diaphragmatic SOD2 diminished the protection against MV-induced diaphragmatic atrophy, suggesting that increased SOD2 is required to achieve the full benefit of exercise-induced protection ([Fig. 5](#fig5){ref-type="fig"}) \[[@bib41]\]. This study also revealed that, independent of exercise, transgenic overexpression of SOD2 provided only partial protection against MV-induced diaphragm atrophy \[[@bib41]\]. Together, these experiments suggest that while increased levels of SOD2 contributes to the exercise-mediated protection of the diaphragm, the elevation in SOD2 acts in concert with other exercise-mediated changes to protect against inactivity-induced muscle atrophy.Fig. 5A) Prevention of endurance exercise-induced increases in SOD2 in the diaphragm attenuates exercise-provoked protection against MV-induced diaphragmatic atrophy. B) Transgenic overexpression of SOD2 in the diaphragm does not protect against ventilator-induced diaphragmatic atrophy. Data are from Morton et al. \[[@bib41]\]. Key: A) SB = sedentary animals, spontaneously breathing; MV = animals exposed to prolonged mechanical ventilation; MVEX = exercise trained animals exposed to prolonged mechanical ventilation; MVEX-SOD2AO = exercise trained animals treated with an antisense oligonucleotide against SOD2 and exposed to prolonged mechanical ventilation. Key: B) SB = sedentary animals, spontaneously breathing; MV = animals exposed to prolonged mechanical ventilation; SOD2OExp = spontaneously breathing animals overexpression an SOD2 transgene; MVSOD2OExp = animals overexpression an SOD2 transgene and exposed to prolonged mechanical ventilation; \* = different from SB at P \< 0.05.Fig. 5

4.4. Exercise-induced increases in HSP72 {#sec4.4}
----------------------------------------

Endurance exercise training increases the abundance of HSP72 in skeletal muscles and elevated levels of HSP72 have the potential to protect muscle fibers in several ways (e.g., increased mitochondrial biogenesis/turnover, protection against oxidative damage to mitochondria, refolding of damaged proteins, and prevention of proteolysis). Indeed, transgenic overexpression of HSP72 in skeletal muscles provides protection against inactivity-induced atrophy in limb muscles \[[@bib11],[@bib54]\]. Importantly, recent research confirms that increases in HSP72 in diaphragm muscle are required to achieve exercise-mediated protection against ventilator-induced diaphragm atrophy \[[@bib59]\]. Specifically, when exercise-induced increases in diaphragmatic HSP72 are prevented by an antisense oligonucleotide directed toward HSP72, the exercise-induced protection against MV-mediated diaphragmatic atrophy is lost ([Fig. 6](#fig6){ref-type="fig"}). Indeed, prevention of the increases in HSP72 in the diaphragm eliminates the exercise-induced protection against protease activation, oxidative stress, and the mitochondrial uncoupling that occurs in diaphragm fibers during prolonged MV \[[@bib59]\]. Furthermore, evidence indicates that both genetic and pharmacological overexpression of HSP72 are sufficient to protect the diaphragm against ventilator-induced fiber atrophy, protease activation, and mitochondrial uncoupling \[[@bib59]\]. Collectively, these findings make a strong case for the important role that exercise-induced increases in HSP72 plays in exercise preconditioning of diaphragm muscle.Fig. 6A) Prevention of endurance exercise-stimulated increases in HSP72 in the diaphragm results in the loss of exercise-mediated protection against mechanical ventilation-induced diaphragmatic atrophy. B) Independent of exercise, transgenic overexpression of HSP72 in the diaphragm protects against ventilator-induced diaphragmatic atrophy. Data are from Smuder et al. \[[@bib59]\]. Key A): SED = sedentary animals; EX = exercise trained animals; EX-HSP72AO = exercise trained animals treated with an antisense oligonucleotide against HSP72. SB = spontaneously breathing animals; MV = animals exposed to prolonged mechanical ventilation. Key B): SB = spontaneously breathing animals; HSP72 = animals overexpressing HSP72 transgene; MV = animals exposed to prolonged mechanical ventilation; \* = different from SB at P \< 0.05.Fig. 6

4.5. Exercise-induced protection against inactivity-induced muscle atrophy: summary and future directions {#sec4.5}
---------------------------------------------------------------------------------------------------------

Abundant evidence demonstrates that endurance exercise training protects skeletal muscles against inactivity-induced muscle atrophy. This exercise-induced defense is achieved by preventing the key hallmarks of muscle atrophy: oxidative stress, mitochondrial damage/dysfunction, and the activation of muscle proteases. The mechanism(s) responsible for exercise-induced protection against disuse muscle atrophy have been explored in numerous studies and four principal hypotheses have emerged; these include exercise-induced: 1) increases in cellular antioxidants; 2) changes in the HDAC4/Gadd45 axis; 3) increases in TFAM expression; and 4) elevation in HSP72 levels ([Fig. 4](#fig4){ref-type="fig"}). In theory, each of these exercise-mediated biochemical changes in muscle fibers has the potential to protect against inactivity-induced muscle wasting. Nonetheless, to date, only two of these hypotheses have been rigorously tested. Specifically, robust evidence exists that exercise-induced increases in the expression of both SOD2 and HSP72 play important roles in protection against disuse muscle atrophy.

In particular, preventing exercise-induced increase in SOD2 in muscle results in diminished protection against inactivity-induced muscle atrophy. Nonetheless, transgenic overexpression of SOD2 in muscle fibers provides limited protection against disuse muscle atrophy. Therefore, while increased expression of SOD2 contributes to the exercise-induced protection against inactivity-induced muscle atrophy, this increase in SOD2 requires interaction with other exercise-induced cytoprotective molecules to provide the full exercise-induced protection.

New evidence reveals that increased HSP72 expression is essential to achieve exercise-induced protection against ventilator-induced diaphragmatic atrophy. Indeed, prevention of exercise-induced increases in HSP72 results in a complete loss of exercise-mediated protection. Moreover, independent of exercise, transgenic overexpression of HSP72 protects the diaphragm against MV-induced atrophy. Therefore, it is feasible that exercise-induced increases HSP72 in skeletal muscles works in concert with SOD2 to protect against inactivity-induced muscle atrophy.

Several unanswered questions remain regarding the mechanisms responsible for exercise-induced protection against disuse muscle atrophy. As discussed, only two of the four aforementioned hypotheses have been rigorously tested and additional research is required to determine the relative contributions of both TFAM and Gadd45α to exercise-induced protection against disuse muscle atrophy. Moreover, if future studies reveal that exercise-induced changes in these proteins are essential for exercise protection against inactivity-induced atrophy, additional studies will be important to delineate the downstream mechanism(s) by which they provide cytoprotective effects.

Lastly, future translational studies are required to determine the specific details of dose and timing of drug delivery to prevent inactivity-induced muscle atrophy in specific patient populations. For instance, evidence exists that pharmacological overexpression of HSP72 protects against muscle atrophy; however, the efficacy of these pharmacological agents in overexpressing HSP72 must be determined in clinical populations. For example, some patients would likely be treated with pharmacological-inducers of HSP72 at the beginning of hospitalization rather than treatment several days prior to the initiation of prolonged muscle inactivity. Therefore, future studies are essential to determine the time course of effective pharmacological treatment to protect patients against inactivity-induced muscle wasting.
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